Speeding up adiabatic method has attracted much attention with the wide applications in quantum information processing. In this paper, two kinds of methods, Lewis-Riesenfeld invariant-based inverse engineering and transitionless quantum driving are applied to implement speeding up adiabatic state conversion in optomechanical system. The perfect population transfer can be achieved within a short time. At last, the energetic cost is analysed for the transitionless quantum driving.
I. INTRODUCTION
Optomechanical system is composed of an optical (or microwave) cavity and a mechanical resonator. And it explores the interaction between light and mechanical motion. This field has made tremendous progress over the past decades [1] . Optomechanical system has shown the advantage to quantum information processing [2] .
Recently, quantum state conversion between cavity modes of distinctly different wavelengths has been studied [3, 4] . A major flaw of this scheme that the fidelity is limited by cavity damping, thermal noise in the mechanical mode, and accuracy of the pump pulses. In order to overcome the effect of thermal noise on the transfer fidelity, the adiabatic quantum state transfer was proposed [5] . During this process, the quantum states are preserved in a mechanical dark mode with negligible excitation to the mechanical mode. Simultaneously, Wang and Clerk [6] proposed using a mechanically dark delocalized mode in a two-cavity optomechanical system for quantum state transfer, and demonstrated that both intracavity states and itinerantphoton states can be transferred with high fidelity.
However, an obstacle in achieving this is the long run time required for the desired parametric control associated with adiabatic evolution might be problematic, when the decoherence effect is considered. How to fast achieve and high-fidelity quantum state transfer in optomechanical system is an open question. There are two kinds of approaches, Lewis-Riesenfeld invariant-based inverse engineering [7] [8] [9] [10] [11] and transitionless quantum driving [12] [13] [14] [15] [16] [17] , are widely applied to speed up adiabatic state conversion.
In this paper, we propose an alternative scheme to speed up adiabatic state conversion in optomechanical system, which is composed of two cavity modes and one mechanical mode. When no damping is considered, we use the method of Lewis-Riesenfeld invariant-based in-verse engineering to speed up adiabatic state conversion. When the damping of the system is considered, the approach of transitionless quantum driving is applied to speed up adiabatic state conversion. Quantum states can be converted between different cavity modes by varying the effective optomechanical couplings. Our scheme has potential applications in quantum information processing.
II. MODEL
We study an optomechanical system, which is composed of two cavity modes and one mechanical mode coupling via optomechanical forces. After the standard linearization procedure, under the rotating-wave approximation, the effective Hamiltonian for this coupled system is given by ( = 1) [5, 18] 
where a † i (a i )(i = 1, 2) and b † (b) are the creation (annihilation) operator for the ith cavity mode and the mechanical mode, respectively, ∆ i is the laser detuning, g i is the effective linear coupling strength, and ω m is the mechanical frequency.
We consider the damping of the system. The cavity damping rates are κ i and the mechanical damping rate is γ. When the condition ω m = −∆ is satisfied, the Langevin equation in the interaction picture can be written as
where the parameters A(t) = [a 1 (t), b(t), a 2 (t)] T and the dynamic matrix can be written as 
III. ADIABATIC STATE CONVERSION
For the simple case of zero dampings κ a = κ b = κ c = 0, the eigenvalues of the dynamic matrix are E 1 = 0,
The eigenvalue E 1 = 0 corresponding to eigenstate is
T , which is a mechanical dark mode that only involves the cavity modes. The population transfer of the cavity modes is realized by the dark state. The quantum state to be transferred is initially stored in cavity mode a 1 . Then, g 1 is adiabatically decreasing and g 2 is adiabatically increasing. The information is transferred from cavity mode a 1 to mode a 2 .
As an example, we choose the time-dependence coupling strengths, which are expressed by [19, 20] 
where G is the amplitude of the coupling coefficients, τ represents the deviation of the time interval between two coupling strengths, and T is the period. Figure 1(a) shows the evolution of coupling coefficients g 1 and g 2 . Figure 1(b) shows the evolution of the populations of the system. The population is not completely transferred from cavity mode a 1 to a 2 .
IV. SHORTCUT TO ADIABATIC PASSAGE.
Converting quantum states between information memory units can have profound influences on quantum information processing. The adiabatic methods have been proposed for different physical systems. An obstacle in achieving this is the long run time required for the desired parametric control associated with adiabatic evolution. Here, we discuss how to implement the ultrafast converting quantum states.
When the no damping is considered, the Eq. (3) possesses SU(2) dynamical symmetry. To speed up the converting quantum states, we introduce an invariant I(t), 
where Ω is an arbitrary constant with units of frequency to keep I(t) with dimensions of energy, and the time-dependent auxiliary parameters α and β satisfy the relationsα = g 1 cos β − g 2 sin β andβ = tan α(g 2 cos β + g 1 sin β). Thus, the coupling coefficients also can be expressed by parameters α and β as follows: g 1 =β cot α sin β +α cos β and g 2 =β cot α cos β − α sin β. The eigenvalues of the invariant I(t) are ǫ 1 = 0, ǫ 2 = −1, and ǫ 3 = 1 corresponding to the eigenstates
and
[sin α cos β + i sin β, i cos α, − sin α sin β + i cos β]
T , respectively. The converting quantum states between information memory units along the invariant eigenstate ϕ 1 in a given time T , which is the total evolution time. Therefore, we choose the parameters for α and β as follows: α = ξ and β = πt/2T , where ξ is a small value. And we obtain
Figure 2(a) shows the evolution of coupling coefficients g 1 and g 2 . Figure 2(b) shows the evolution of the populations of the system. The perfect population transfer from cavity mode a 1 to a 2 can be achieved. When the damping of the system is considered. Here, we assume that the cavity modes and the mechanical mode have equal damping rates, i.e., κ 1 = κ 2 = γ = κ.
The dynamics matrix (3) has the nondegenerate instantaneous eigenstates |λ 1 
T / √ 2 with corresponding eigenvalues E 1 = g 0 − iκ/2, E 2 = −g 0 − iκ/2, and E 3 = −iκ/2, respectively. We introduce a Hamiltonian H I (t), which steers the dynamics along the instantaneous eigenstates |λ m (t) without transitions among them and without phase factors, and it is described by H I (t) = i m |∂ t λ m (t) λ m (t)| which takes the form
where
This matrix indicates that there should be a direct transition between cavities a 1 and a 2 , and the transitions between the cavity modes and the mechanical mode are forbidden. Figure 3 shows the evolution of the populations of the system. Compared with the Fig. 1(b) , the population transfer of the cavity mode a 1 and a 2 can be achieved within a short time.
V. DISCUSSION AND CONCLUSION
When the transitionless quantum driving was employed to speed up adiabatic state conversion. It is important meaning to investigating the influence of energetic cost. The cost of counterdiabatic driving can be written in general as [22] [23] [24] [25] 
with the Frobenius norm ||A|| = Tr[A † A], where A is an operator. For the Hamiltonian N + H I , we obtain
where E m are the eigenvalues of the Eq. (3) and
The instantaneous cost is
This equation shows an increase in the instantaneous cost to speed up adiabatic evolutions compared to their adiabatic counterparts. recover the cost of adiabatic with the increasing g 0 .
The real values of the experimental parameters are given to show the feasibility of our scheme [26] . The mechanical mode has the resonance frequency ω m = 2π × 3.68GHz with an intrinsic damping rate γ = 2π × 35kHz. The optomechanical coupling strength g i = 2π × 910kHz. The cavity mode has the resonance frequency ω 0 = 2π × 195THz. It is clear that the parameters used in our scheme has the same order of magnitude with the actual experimental implementation.
In summary, we have proposed a scheme to speed up adiabatic state conversion in optomechanical system. The perfect population transfer between cavity mode a 1 and a 2 can be implemented. Also, this scheme has potential application in generating entanglement and realizing quantum logic gates.
